reason a maximum appears in the electrophoretic mobility In this work we have exhaustively studied the effect of the heat at an electrolyte concentration instead of the expected contintreatment on polystyrene latexes with different functional groups uous decrease in mobility or in zeta potential with increasing on their surface. Four surfactant-free latexes with different chemi-electrolyte concentration. Yet, this point is still unclear.
INTRODUCTION
trokinetic behavior for the reasons discussed above. There are several authors who have employed the heat treatment The interpretation of electrokinetic measurements on latex for explaining the electrophoretic and dielectric behavior of systems has presented problems for many years. A substan-their latexes. However, there are some discrepancies in the tial amount of work continues attempting to elucidate the results obtained in each case. Chow and Takamura (5) observed a decrease in the particle radius and a significant 1 To whom correspondence should be addressed.
increase of the zeta potentials calculated from the measured electrophoretic mobilities. They concluded that the O'Brien been used in this work. The sulfate latex (DBG-0) was and White theory overestimates the electrokinetic relaxation synthesized by surfactant-free emulsion polymerization of effect of ka õ 100, where k is the reciprocal of the Debye-styrene using potassium persulfate as initiator, according to Hückel length and a is the particle radius. On the other hand, the method of Goodwin et al. (7) . The sulfonate latex Rosen and Saville (6) used dielectric and electrophoretic (DBG-1) was prepared by copolymerization of styrene/someasurements to test the applicability of the classical electro-dium styrene sulfonate following the shot-injection method kinetic theory to latex particles with and without (bare latex) described previously (8) without second injection. To obtain a surface which is grafted water-soluble polymer. In that the carboxylated latex (DJL-5) we have followed the procecase they did not find a significant change in the mean parti-dure developed by Guthrie (9) of emulsion polymerization cle diameter nor in the uniformity of the latexes, although of styrene using 4,4-azobis (4-cyanopentanoic acid) they observed an increase in the total surface charge of the (ACPA) as initiator. The latex aldehyde (AD-1) was synthesamples after heat treatment. They proposed a mechanism sized by copolymerization of styrene/acrolein following the involving transport processes within a hairy layer to explain recipe reported by Yan et al. (10) but with some modificathe inadequacy of the classical electrokinetic theory with tions (11) . Styrene was purchased from Merck and was latex particles. distilled under reduced nitrogen pressure at 40ЊC. Other In previous papers (5, 6), however, there is no study on chemicals used in this study were of analytical grade and the possible changes of the particle size or surface charge were used without further purification. Water used in all density, or on the polymer composition, type of the surface experiments was doubly distilled and deionized (DDI) with groups, or change in the hydrophobic character of the treated a Milli-Q water purification system (Millipore). latexes. Another point to check is to observe if the discrepanPrior to the surface and electrokinetic characterization, the cies found in the literature about the effect of the heat treat-latexes were cleaned using several procedures. All the lament could be a consequence of the use of latexes with texes were previously filtered through glass wool to remove different functionalities and characteristics.
the coagulant formed during the synthesis. After this treatThus, in this work we have exhaustively studied the effect ment, the latexes (except DBG-1) were cleaned by repeated of the heat treatment on four polystyrene latexes with differ-cycles of centrifugation-decantation-redispersion in a cenent functional groups on their surface (sulfate, sulfonate, trifugue (Kontron Instruments), followed by serum replacecarboxyl, and aldehyde). The treated latexes were analyzed ment for several days until the conductivity of the supernafrom the point of view of their particle size. In order to tant was constant and similar to the conductivity of the DDI complete the comparison between the latexes with and with-water. The cleaning process of latex DBG-1 was done first out the treatment, we have also analyzed them by IR spec-by serum replacement and the purified latex was then treated troscopy (to detect any alteration in the polymer composi-with mixed ion exchange resins (Amberlite). tion), by conductimetric and potentiometric titration (to deThe purified samples were diluted to a particle volume tect any change in the amount and type of the surface fraction of 0.01 prior to heat treatment. Deionized water was groups), and by the adsorption of a nonionic surfactant (to used to maximize the interparticle electrostatic repulsion, detect any change in the hydrophobic character). After the which ensures colloidal stability during heat treatment. The completion of the surface characterization of the treated la-heat treatment was carried out following the procedure of texes, all the samples were characterized from an electroki-Chow and Takamura (5). The diluted latexes were intronetic point of view. For this purpose, the electrophoretic duced into Pyrex tubes without agitation, sealed with special mobilities were measured as a function of pH and electrolyte caps, and placed in an oven at 115ЊC for 17 h. concentration, and the results were compared with those After heat treatment the latexes were allowed to cool found for the untreated latexes.
slowly to room temperature inside the oven. There was no
EXPERIMENTAL METHODS
evidence of aggregation nor coloration change in any of them. Due to a slight increase in the conductivity, the samFour surfactant-free latexes with different chemical surface groups (sulfate, sulfonate, aldehyde, and carboxyl) have ples had to be cleaned by use of serum replacement for a day. Before and after the heat treatment the samples were cleaned latexes. The conductimetric and potentiometric titrations were automatically carried out by using 40 ml of dianalyzed by infrared (IR) spectroscopy (Servicios Técnicos, Universidad de Granada) to test if the heat-treated latexes luted latex with a volume fraction 1-4% at room temperature in a stirred vessel under inert nitrogen atmosphere. The pHcould have suffered some alterations in the structure of the polymer (12) . meter (Crison 202) and conductimeter (Crison 525) together with the dosifier (Metrohm 665 Dosimat) were connected Surface charge densities (s 0 ) of the latexes were determined by conductimetric and potentiometric titration of the to a PC computer, which collected the data, fixed the straight lines, and calculated the intersection point. Due to the nature absorbance with a Milton-Ray spectrophotometer at 275 nm before and after each adsorption and by using a previous of the surface groups the tritant employed was NaOH. In order to obtain an increase in the initial slope of the curves calibration (14) .
The electrokinetic characterization was carried out with (13), we added an electrolyte (KBr or HCl) to the samples before starting the titration. Since the aldehyde groups have the commercial device Zeta-Sizer 4 (Malvern Instruments, England). The electrophoretic mobility values were obtained no charge we followed the method of the hydroxylamine hydrochlorate reported by Yan et al. (10) . The titrations for by taking the average of (at least) six measurements at the stationary level in a cylindrical cell, changing the suspension AD-1 latex were shown and described in a previous paper (11) . To obtain the surface charge density and amount of twice. For each point of the curve, first the original latex was measured and immediately after the heat-treated latex aldehyde groups it is necessary to carry out two titrations, one to detect the sulfate groups, and the other for aldehyde was measured under the same conditions. groups.
The particle size was estimated by means of a photo corre-
RESULTS AND DISCUSSION
lation spectroscopy (PCS) with the commercial device Malvern II 4700 and transmission electron microscopy (TEM) (a) Surface Characterization (Servicios Técnicos, Universidad de Granada).
The adsorption experiments with the nonionic surfactant, Table 1 summarizes the particle size of the latexes with and without heat treatment as obtained by means of PCS Triton X-100, were carried out at 25ЊC, pH 7, and 2 mM ionic strength and with a sufficient amount of surfactant to and also includes the diameter in the latexes without heat treatment and the polydispersity index (pdi) obtained from ensure total coverage on the surface particles. The amount of adsorbed Triton X-100 was determined by measuring the TEM. The pdi is defined as the ratio between the number- Both weak and strong acids are present on the latex DBG-0 (Fig. 2a) (20) and finally to carboxyl groups due to the oxidation of these groups. Second, the sulfate groups can be oxidized directly into carboxyl groups (21) and this transformation is suitable at high temperatures average and weight-average diameters (pdi Å D n /D w ) and and long reaction time. In latex DBG-0TT, we can observe the latexes can be consider as monodisperse when the pdi that the charge is all converted to weak acid (Fig. 2b ) and is lower than 1.05. The sphericity of the heat-treated particles there is an increase in the total surface charge density. This was confirmed by use of TEM. The latexes with heat treatmight be due to the fact that a part of the surface groups in ment have the same name as the original latexes with a the original latex (DBG-0) were hydroxyls, products of the double T added. The latexes were monodisperse and the Kolthoff reaction, and therefore they were impossible to mean particle diameter and uniformity were not significantly detect in the titrations. As the result of heat treatment, these altered by heat treatment. Rosen and Saville (6, 15) obtained groups could be oxidized to carboxyl groups. similar results working with latexes of analogous diameters.
In comparison with AD-1 (11), the strong acid and part In contrast, Chow and Takamura (5) achieved a diameter of the aldehyde groups of latex AD-1TT (Figs. 3a and 3b ) of 675 nm after heat treatment, using a latex of 805 nm.
have been oxidized to be carboxyl groups. The total charge Figure 1 shows the IR spectra of the latex DBG-0 with density of AD-1TT is higher than AD-1, which could have and without heat treatment, measured to detect if there is the same explanation as the one given for the sulfate latex. any change in the polymer composition after the treatment.
The latexes DBG-1 with sulfonate (strong acid) and DJL-5 Comparing these spectra, we did not observe any appreciable with carboxyl (weak acid) groups on their surfaces, respecdifference between the latex samples. We can conclude that tively, retain the same surface charge density before and the heat treatment does not affect the composition of the after heat treatment. The resistance of sulfonate groups to polymer, though this does not mean that the particles could hydrolysis was proved in previous studies (22, 23) , which have been affected by structural or chemical surface changes.
have been confirmed again in this work. Figures 2 and 3 show the curves obtained in the titrations
All the results obtained until now indicate that the changes for the latexes DBG-0 and DBG-0TT and AD-1TT and AD-1TT with hydroxylamine. Table 2 latexes DBG-0TT and AD-1TT. These data indicate that the nature of the surface groups is now weakly acidic and therefore the results of the previous titrations are confirmed.
The next step was to measure the mobility versus NaCl concentration. Figures 5-8 show the electrophoretic mobility versus the logarithm of NaCl concentration for the latexes with and without heat treatment. The first significant result was that the mobilities in the concentration range before the maximum are very similar for the latexes with and without heat treatment, the differences starting at the mobility maximum. These differences are small for latex DBG-1TT (Fig. 7) , its mobility slightly increases in relation to DBG-1 at higher concentrations, and for DJL-5TT (Fig. 8) , which slightly decreases compared with DJL-5. However, there is concentrations for latexes DBG-0TT (Fig. 5) and AD-1TT (Fig. 6 ). An important decrease in the mobility from the groups of those latexes that have groups that are susceptible maximum is observed in comparison to DBG-0 and AD-1. to changes; in no case has any alteration in size, shape, Similar results were obtained by measuring the electrophoor polydispersity of the samples been observed. The heat retic mobility versus the KBr concentration. The attenuation treatment does not affect the surface groups when the group of the maximum could be explained by taking into account is sulfonate or carboxyl, which means that these types of the change of the surface groups after heat treatment latex can be considered as adequate model colloids for pro-( -SO 0 4 r -COO 0 ). In general, it was observed that the longed periods. maxima for latexes with only weak acid groups on their surface were less pronounced than the latexes with strong (b) Electrokinetic Characterization acid groups (a more detailed study will be presented in due course). Rosen and Saville (6) obtained similar results The first step in the electrokinetic characterization was to working with poly(methyl methalcrylate)/acrolein particles measure the electrophoretic mobility versus pH. Figure 4a and using potassium persulfate as the initiator. The behavior shows the results for the original latexes. The values of of their latex shows an increase in the total surface charge mobility are constant within the pH range 4-10 for the density and a decrease in the mobility versus KCl concentralatexes DBG-0, AD-1, and DBG-1 that have strong acid sites tion after heat treatment. The maximum disappears totally in their surfaces. The decrease in mobility for pH lower than after heat treatment, although for the original latex the maxi-6 for the latex DJL-5 indicates that the surface groups are mum is much attenuated and broad (being an increase in weakly acidic. After heat treatment (Fig. 4b) it was observed the mobility of 0.25 1 10 08 m 2 /V s, when the concentration that while the latexes DBG-1TT and DJL-5TT maintained changes from 10 04 to 10 03 M). This is an unexpected and the same tendency as their originals, there was a decrease contradictory result, as with a higher surface charge density in the values of the mobility for pH lower than 6 for the of the heat-treated latexes, the result of the mobility response the basis of the change of surface groups (strong to weak molecule. acid) or in terms of the increase of the surface charge density in the heat-treated latexes. In order to detect if any other these changes cannot be attributed to the presence of a hairy alterations occurred on the particle surface of the heat-treated layer. The latexes with sulfonate or carboxyl groups on the latexes, their relative hydrophobicity was estimated by adsurface (provided by the initiator) and prepared by convensorbing a nonionic surfactant (Triton X-100) (26) . The retional emulsion polymerization (without a second injection sults can be seen in Table 3 . After analyzing the data we of monomers) presented no change in their surface characcan concluded that the latexes AD-1TT and DBG-0TT have teristics nor in their electrokinetic behavior after the heat suffered a decrease in their hydrophobicity with respect to treatment. In this case, if there is a hairy layer on the surface their originals. In this table the adsorption value for DJL-5 of these latexes, it is not affected by the heat treatment, was also included. Even though the difference in s 0 is not which only seems to modify the behavior of a latex when very great between this latex and AD-1TT and DBG-0TT, the type and amount of the surface groups can change. the hydrophobic character differs greatly; therefore, the surface nature of the latexes is different and this point could
